Patients hospitalized for acute heart failure (AHF) differ with respect of many clinical characteristics which may influence their prognosis and response to treatment. We have assessed possible differences in the effects of serelaxin on dyspnoea relief, 60 Day outcomes and 180 Day mortality across patient subgroups in the RELAX-AHF trial.
Introduction
Heart failure (HF) is the most important cause of hospitalization for subjects older than 65 years and these hospitalizations are associated with high mortality rates, up to 10-20% in the 6 months following discharge, and 5-15-fold higher than those of ambulatory patients with chronic HF. 1 -3 However, treatment of acute HF (AHF) has not changed in the recent decades and major trials with new therapies have failed to show clinically meaningful benefits. 4 -6 Serelaxin is a recombinant form of human relaxin-2, a naturally occurring peptide hormone which mediates the physiological cardiovascular (CV) and renal adaptations of pregnancy. 7, 8 In the RELAX-AHF trial, a 48-h i.v. infusion of serelaxin to patients with AHF was associated with an improvement in dyspnoea, measured by the visual analogue scale (VAS) to Day 5, but without a significant effect on the other primary endpoint of dyspnoea assessed by the Likert scale, and no change in the two secondary endpoints related with 60-day outcomes. 9 Cardiovascular mortality at Day 180 (a protocol-specified additional efficacy analysis) and all-cause mortality at Day 180 (a pre-specified safety endpoint) were significantly reduced by serelaxin administration, which was consistent with the trend observed in the Pre-RELAX-AHF phase II trial. 9 -11 Patients hospitalized for HF are a heterogeneous population and differ with respect to many characteristics, including the triggers of acute decompensation, and comorbidities. 1,12 -14 The aim of the present study was to compare the effects of serelaxin vs. placebo on dyspnoea, 60-day outcomes and 180-day mortality, in the major subgroups of patients enrolled in the RELAX-AHF trial.
Methods
The background, design and main results of the RELAX-AHF trial (NCT00520806) have been published. 9, 15 Briefly, RELAX-AHF was a phase III randomized, double-blind, placebo-controlled, parallel-group, international trial comparing a 48-h i.v. infusion of serelaxin with placebo in patients hospitalized for AHF. From the start of study drug infusion, patients were followed daily to Day 5 or discharge, and then at Days 14, 60, and, only for mortality, at Day 180.
Study design
Patients eligible for enrolment had to be hospitalized for AHF within 16 h of presentation, with dyspnoea at rest or with minimum exertion, pulmonary congestion on chest radiograph, B-type natriuretic peptide (BNP) ≥350 ng/L or N-terminal prohormone of BNP (NT-proBNP) ≥1400 ng/L, mild-to-moderate renal dysfunction [simplified Modification of Diet in Renal Disease estimated glomerular filtration rate (eGFR) of 30 -75 mL/min per 1.73 m 2 ], systolic blood pressure (SBP) .125 mmHg, and treatment with at least 40 mg i.v. furosemide or its equivalent before screening. Exclusion criteria have been described previously. 9, 15 After randomization, patients received either serelaxin 30 mg/kg per day or placebo administered as a continuous i.v. infusion for up to 48 h. Protocol-defined dose adjustment rules were applied in case of an excessive SBP decrease or a fall in SBP to below than 100 mmHg or if a serious or intolerable adverse event or clinically significant laboratory abnormality occurred.
The trial had two primary efficacy endpoints: the difference in patientreported dyspnoea as quantified by the area under the curve (AUC) of the change from baseline of dyspnoea severity, reported on a 0 to 100 mm VAS, assessed from baseline to Day 5; and the proportion of patients with a moderate or marked improvement in dyspnoea at 6, 12, and 24 h (all three), assessed by a 7-level Likert scale. Secondary efficacy endpoints were: (i) the rate of the combined endpoint of CV death or rehospitalization for HF or renal failure (RF) to Day 60, and (ii) the days alive and out of the hospital to Day 60 in the serelaxin group, compared with placebo. Cardiovascular deaths to Day 180 and all-cause deaths to Day 180 were assessed as a pre-specified additional efficacy endpoint and a safety endpoint, respectively.
Statistics
An evaluation of the possible interaction between the effect of serelaxin on the two primary and key secondary efficacy endpoints (dyspnoea VAS AUC, moderately or markedly better dyspnoea by Likert, CV death or HF/RF rehospitalization through Day 60, and days alive out of hospital through Day 60) was pre-specified for the following covariates: age (,65 vs. ≥65 and ,75 and ≥75 years), sex, race (white/Caucasian vs. other), geographic region (Western Europe, Eastern Europe, Israel, USA, Argentina), eGFR (,50 vs. ≥50 and .60 vs. ≥60 mL/min/ 1.73 m 2 ), time from presentation to randomization (,6 vs. ≥6 h), baseline SBP (,140 vs. ≥140 mmHg), history of diabetes, history of atrial fibrillation, atrial fibrillation present at screening, left ventricular (LV) ejection fraction (LVEF, ,40 vs. ≥40%), history of ischaemic heart disease, history of cardiac resynchronization therapy or implantable cardioverter defibrillator, on i.v. nitrates at randomization. Additional post hoc analyses of serelaxin effects on CV and all-cause mortality through Day 180 were also undertaken in these subgroups. Additional subgroups were defined post hoc and included hospitalization for HF in the previous year, heart rate (,80 vs. ≥80 b.p.m.), ACEi/ARB use at baseline, betablocker use at baseline, and lymphocyte proportion (≤12 vs. .12%). These covariates were examined as they may modify the effects of AHF therapy and interfere with the vasodilatatory and anti-inflammatory actions of serelaxin. 7, 8 All P-values were two-sided, and values ,0.05
were considered statistically significant. Analyses of the efficacy outcomes and CV mortality by baseline levels of biomarkers measured at a central laboratory were also pre-specified: troponin T (.99th percentile of the upper reference limit vs. not), NT-proBNP (by tertiles), and cystatin C (by tertiles). Because few patients had a troponin T value below the 99th percentile of the upper reference limit, this covariate was also grouped by tertiles. As previously described in detail, 11 biomarkers were analyzed using the Roche high sensitivity cardiac troponin T assay, the Roche Elecsys proBNP assay and the Gentian Cystatin C immunoassay. The possible differential effect of serelaxin was tested using a separate regression model for each outcome and each covariate that included the effects of serelaxin, the covariate, and the serelaxin-by-covariate interaction. Treatment effects (odds ratio, mean difference, or hazard ratio) were estimated from these regression models: logistic for moderately/ markedly better dyspnoea at 6, 12, and 24 h; ANCOVA for the VAS AUC to Day 5 and days alive and out of hospital to Day 60; and Cox for the time to CV death or HF/RF rehospitalization to Day 60 and CV and all-cause mortality through Day 180.
Analyses were conducted on an intent-to-treat basis. SAS & release 9.2 (SAS Institute, Cary, NC, USA) was used for analysis.
Results
The results of RELAX-AHF have been reported in detail. 9, 11 Enrolment occurred from October 2009 to February 2012 and included 1161 patients (placebo, n ¼ 580; serelaxin, n ¼ 581), of whom 1138 (98%) received randomized study medication. Vital status at 180 days was ascertained for all but 14 patients (two lost-to-follow up; 12 withdrew consent).
Efficacy of serelaxin for subgroups
Patient characteristics, with respect to the baseline variables used to define subgroups, are shown in the Table 1 . Subgroup analyses regarding the primary and secondary endpoints of RELAX-AHF and CV and all-cause mortality at Day 180 are shown in Among all the analyses performed on the five clinical endpoints there were five and four nominally significant (P , 0.05) treatmentby-subgroup interactions which were found with the CV and all-cause mortality endpoints, respectively. A larger reduction in CV mortality, with serelaxin vs. placebo, was noted in the patients aged ≥75 years (P ¼ 0.0337), those with no HF hospitalization in the previous year (P ¼ 0.0119), no beta-blocker use at baseline (P ¼ 0.0432), with blood lymphocytes ≤12% (P ¼ 0.0137), and with an eGFR Post hoc subgroup analysis, M Modification of categories for pre-specified subgrouping variable. ACEI, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; b.p.m., beats per minute; CI, confidence interval; CRT, cardiac resynchronization therapy; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; h, hours; hosp., hospitalization; ICD, implantable cardioverter defibrillator; IHD, ischaemic heart disease; IV, intravenous; LS, least squares; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal prohormone B-type natriuretic peptide; MRA, mineralocorticoid receptor antagonist; present., presentation; rand., randomization; SBP, systolic blood pressure; SD, standard deviation.
Effects of serelaxin in subgroups of patients with acute heart failure Figure 2 Forest plots of subgroup analysis for cardiovascular death or heart failure or renal failure rehospitalization through Day 60.
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Post hoc subgroup analysis, M Modification of categories for pre-specified subgrouping variable. ACEI, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; b.p.m., beats per minute; CI, confidence interval; CRT, cardiac resynchronization therapy; CV, cardiovascular; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; h, hours; hosp., hospitalization; ICD, implantable cardioverter defibrillator; IHD, ischaemic heart disease; IV, intravenous; K -M, Kaplan -Meier; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal prohormone B-type natriuretic peptide; MRA, mineralocorticoid receptor antagonist; present., presentation; rand., randomization; SBP, systolic blood pressure. Figure 3 Forest plots of subgroup analysis for cardiovascular death through Day 180. All these analyses were post hoc. ACEI, angiotensinconverting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; b.p.m., beats per minute; CI, confidence interval; CRT, cardiac resynchronization therapy; CV, cardiovascular; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; h, hours; hosp., hospitalization; ICD, implantable cardioverter defibrillator; IHD, ischaemic heart disease; IV, intravenous; K-M, Kaplan-Meier; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal prohormone B-type natriuretic peptide; MRA, mineralocorticoid receptor antagonist; present., presentation; rand., randomization; SBP, systolic blood pressure.
Effects of serelaxin in subgroups of patients with acute heart failure ,50 mL/min/m 2 (P ¼ 0.0319) (Figure 3) . Similar data were found when 180-day all-cause mortality was considered. The reduction in all-cause mortality, with serelaxin vs. placebo, was larger in the patients aged ≥75 years (P ¼ 0.0473), with no HF hospitalization in the previous year (P ¼ 0.0222), with blood lymphocytes ≤12% (P ¼ 0.0298) and with an eGFR ,50 mL/min/m 2 (P ¼ 0.0286).
No significant interaction was found with any other covariate (Supplementary material online, Figure 2 ).
Discussion
Our study shows consistency of the results of the RELAX-AHF trial across different patient subgroups based on baseline clinical characteristics. These subgroups included all the pre-specified subgroups as well as additional ones generally considered as clinically important in AHF studies. Patients hospitalized for HF are known to be a heterogeneous group of patients. The main pathophysiological mechanisms leading to HF decompensation may range from severe LV systolic dysfunction with low cardiac output, low blood pressure, peripheral hypoperfusion, fluid retention and oedema, to increased vascular stiffness, increased pre-and afterload, impairment of LV diastolic function, pulmonary congestion, and oedema.
1,13,14 RELAX-AHF was among the first trials to take these differences into account and specifically target those patients most likely to benefit from the study drug. 15 Our present analysis shows that the effects of serelaxin on study outcomes were generally consistent across subgroups. Specifically, there was no interaction between the effects of serelaxin and critical variables (such as SBP, time from presentation to randomization, and baseline NT-proBNP values). However, since the study was designed to include patients with SBP .125 mmHg, within 16 h from presentation and with relatively high baseline NT-proBNP or BNP levels, it cannot be excluded that the patients selected were sufficiently homogenous so that subgroup analysis could not yield any further selection of the patients with a better response. Thus, while generally representative of most of the AHF patients, inclusion/exclusion criteria of RELAX-AHF may have resulted in the selection of a relatively homogeneous population, more likely to benefit from a treatment with a predominant vascular mode of action, and with no evident subgroup differences. Secondly, the drug may act on some mechanisms which contribute to the symptoms and the poor survival of the patients having characteristics similar to those of the patients enrolled in RELAX-AHF. 7, 8 Systolic blood pressure is a major prognostic factor in patients hospitalized for AHF. 1, 12 It is also a major determinant of the effects of therapy, with the untoward effects of new therapies associated with an excessive blood pressure drop. 6, 16, 17 Based on these data, a SBP .125 mmHg was selected as entry criterion for the RELAX-AHF trial. 9, 15 This criterion still allows the inclusion of . 70% of the patients admitted for AHF. 1, 12 Despite its vasodilatatory effects, also shown by the larger proportion of patients who had had a protocol-defined blood-pressure-related study drug dose adjustment or study drug discontinuation, 9 no interaction was found between the effects of serelaxin, compared with placebo, and the baseline SBP.
Early treatment is considered essential to obtain better effects in patients admitted for AHF. In analyses of patients included in the Acute Decompensated Heart Failure (ADHERE) Registry, Peacock et al. 18 showed that early administration of vasodilators was associated with a better outcome, compared with late treatment. In the Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) trial, patients could be enrolled 24 h from the start of furosemide treatment and the median time from the start of treatment to randomization was 16 h. 19 However, these considerations were already taken into account in the design of RELAX-AHF, where patients were enrolled within 16 h from presentation with the median time from presentation to randomization being 7.9 + 4.7 and 7.8 + 4.6 h, in the placebo and the serelaxin groups, respectively. 9 It is possible that the relatively short time from presentation may have reduced the interpatient variability and, therefore, the interaction between time from presentation to randomization and serelaxin's effect. N-terminal prohormone of BNP is a major prognostic variable in most studies of patients hospitalized for HF. 4, 20, 21 Increased NT-proBNP or BNP levels at baseline were required as inclusion criteria in RELAX-AHF, with the aim to avoid the enrolment of patients without congestion. This criterion has allowed the enrolment of patients at relatively high risk of events. However, also in this case, baseline NT-proBNP levels did not influence the effects of serelaxin vs. placebo and this may be related to the pre-selection of patients with high BNP or NT-proBNP levels at baseline, since this was an inclusion criterion.
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Patients with a preserved LVEF represent approximately half of the patients admitted for AHF and this proportion is growing due to ageing of the general population. 22 No treatment has been shown as effective in the patients with HF and preserved LVEF, to date. 4 These patients have unique clinical characteristics and were excluded or under-represented in previous large AHF trials. 16, 23, 24 Less than 20% of all the patients included in ASCEND-HF had a LVEF ,40%, 19 and LVEF was available in only approximately half of all the patients in two other AHF trials. 25, 26 In RELAX-AHF, LVEF was available in most of the patients ( Table 1 ) and 45% of the patients had a LVEF above the pre-specified cut-off for subgroup analysis of 40%. 9 No differences in the response to serelaxin administration were found in the patients with a LVEF , or ≥40% with respect to any endpoint. These results are consistent with the presence of common pathogenetic mechanisms in AHF, such as increased LV afterload, pulmonary congestion, and end-organ damage, which are independent of LVEF, and on which serelaxin may exert beneficial effects. 11, 27 These results are also consistent with serelaxin's mechanism of action, which is active more on the peripheral vasculature and arterial elastance, rather than on the myocardium. 7, 8 Another subgroup of potential interest is that of patients on i.v. nitrates at the time of randomization. Nitrates are a treatment option for patients with AHF and high blood pressure 4 and were allowed in RELAX-AHF for the patients with a SBP .150 mmHg at screening. 9, 15 Although, theoretically, their concomitant administration might have blunted some of the favourable effects of serelaxin, estimated treatment effects on mortality and dyspnoea were in the same direction as for the patients not on nitrates. However, the proportion of patients on i.v. nitrates at randomization was small and the confidence intervals for the estimated treatment effects were wide. Some interactions were nominally statistically significant when the 180-day CV mortality and all-cause mortality data were considered ( Figure 3) . However, these data have to be interpreted with caution as these subgroup analyses were not pre-specified, the number of subgroups examined was large and the number of events was small. The interaction between some variables and the effects of serelaxin on mortality, compared with placebo, may be explained by the low incidence of deaths in the subgroups at lower risk, such as that of the patients ≤75 years old or with an eGFR ≥50 mL/min/m 2 . Some data seem, however, to suggest that serelaxin was more effective in patients with no history of HF, as shown by the subgroups with no HF hospitalization in the previous year and no concomitant treatment with neurohormonal antagonists, such as angiotensinconverting enzyme inhibitors, mineralocorticoid receptor antagonists and beta-blockers (Figures 1 -3) . One potential explanation is that patients not treated with neurohormonal antagonists are more likely to be more sensitive to the untoward effects of diuretic therapy, and serelaxin administration was associated with lower diuretic doses in the RELAX-AHF trial. 9 The same might also apply to the subgroup with reduced eGFR as kidney dysfunction is also associated with the need to use higher doses of loop diuretics. In addition, serelaxin may be effective on neurohormonal and inflammatory mechanisms which are favourably affected also by neurohormonal antagonists. 7, 8 The limitations of subgroup analyses are well known. 28, 29 Although the results suggest a homogeneous response to serelaxin among the subgroups examined, the study was not powered to detect differential treatment effects. On the other hand, any nominally statistically significant interactions should be interpreted cautiously given the number of both pre-specified and post hoc analyses performed. The results of the present study must be limited to the patients with characteristics similar to those of the patients enrolled in RELAX-AHF with, namely, a SBP .125 mmHg and ,16 h from presentation to hospital. Any extension of the present findings to patients with different characteristics from those of the patients in RELAX-AHF is not possible.
In conclusion, subgroup analyses of the RELAX-AHF trial has shown similar effects of serelaxin, when compared with placebo, across various subgroups, suggesting a consistency of the effect of serelaxin in the patients with AHF with the characteristics used in this study.
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